The role of tectonic Southern Ocean gateway changes in driving Antarctic climate change at the Eocene/ Oligocene boundary remains a topic of debate.
Introduction
One of the most profound climatic reorganizations in the geological record occurred at the Eocene/ Oligocene boundary (∼ 34 million years ago), where rapid cooling and glaciation of Antarctica represented an important step in Cenozoic climate cooling (Zachos et al. 2001 ).
The apparently close temporal proximity in the geological records between this turning point and the opening of the Tasman Seaway led Kennett (1977) and Berggren and Hollister (1977) to hypothesize a causal relationship. In this view, the thermal isolation arising from the development of the Antarctic Circumpolar Current (ACC) leads to cool Antarctic conditions favorable for the emergence of permanent large-scale terrestrial glaciation. However, Stickley et al. (2004) in later work suggest that the opening of the Tasman Seaway occurred about 2 million years before the onset of Antarctic glaciation. The length of this time lag would preclude a direct causal relationship. Furthermore, Huber et al. (2004) find no enhanced poleward heat transport in their fully coupled model of the Eocene where the Tasmanian Seaway is closed, and conclude that the opening of any Southern Ocean (SO) gateway is unlikely to have caused Antarctic glaciation. This view is further reinforced by the seminal modeling work of DeConto and Pollard (2004) , who examine the development of terrestrial Antarctic ice in a range of Cenozoic scenarios, and also conclude that changes in atmospheric carbon dioxide may have played a more significant role than tectonically driven SO gateway changes. The timing of the opening of Drake Passage (DP), the seaway between Antarctica and South America, is less well constrained to between 20 and 40 million years ago (Barker and Burrell 1977; Lawver and Gahagan 1998; Scher and Martin 2006) , but recent timing estimates by Livermore et al. (2005) led these authors to argue that the opening of DP may have constituted a trigger for Antarctic glaciation. The effect of ocean gateways on Antarctic glaciation remains unclear.
Process studies using ocean general circulation models have attempted to demonstrate the thermal isolation of Antarctica by applying a small land bridge between Antarctica and South America in present day (Mikolajewicz et al. 1993; Nong et al. 2000; Sijp and England 2004, 2005) or idealized (Toggweiler and Bjornsson 2000) model topography, shutting off the DP gap. Closure of the DP gap enables meridional oceanic flow with a western land boundary, allowing the development of a zonal pressure gradient and a geostrophic meridional current across the DP latitudes. This leads to a large Southern Hemisphere (SH) overturning cell when DP is closed and enhanced poleward heat transport across the Southern Ocean. When surface salinity is not restored to present-day values Northern Hemisphere (NH) overturning is also absent when DP is closed (Sijp and England 2005) . Toggweiler and Bjornsson (2000) show that the existence of a gap between South America and Antarctica cools the Southern Ocean by around 3
• C in their model, and warms the NH by a similar magnitude. Sijp and England (2004) find increased southward oceanic heat transport when DP is closed, but sea surface temperature (SST) remains remarkably similar poleward of 60 • S. In particular in their study, a closed DP gap is associated with significant localized SH SST warming (e.g. up to 10
• C around the Brazil-Malvinas confluence), but much smaller changes close to Antarctica. In conclusion, these model results lend some support to Kennett (1977) 's hypothesis that the development of the ACC led to Antarctic glaciation, but fall short of explaining the dramatic changes in Antarctic climate across the Eocene/ Oligocene boundary.
Also, the lack of a global cooling response to opening Southern Ocean gateways in previous model results emphasizes the need for including additional factors in explanations of Eocene warmth, and subsequent studies have stressed atmospheric CO 2 and the associated atmospheric reorganization as an important factor in driving higher polar temperatures during the Eocene (DeConto and Pollard 2004; Huber et al. 2004) . This is in agreement with proxy-based estimates of atmospheric CO 2 of at least twice modern levels (Pagani et al.
2005)
Here, we further examine the interplay between ocean gateway changes and atmospheric CO 2 concentration (pCO 2 ) in determining Antarctic and deep ocean warmth. In particular,
we examine the global climate response to DP geometry in experiments exploring atmospheric CO 2 over a range of concentrations from 280 -2000 ppm. We find that deep ocean temperature and Antarctic SST warm due to closing DP in the model, and that the magnitude of this warming due to tectonic gateway changes alone increases with increasing pCO 2 .
Also, unlike experiments carried out at pre-industrial CO 2 levels (280 ppm), closing DP leads to deep ocean warming at higher pCO 2 . Deep ocean temperature is also more sensitive to global CO 2 -induced surface warming when DP is closed, and significant deep ocean warming occurs as a result of closing DP under fixed high pCO 2 in the range of Eocene values.
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The Model and Experimental Design
We use the intermediate complexity coupled model described in detail in Weaver et al. (2001) field is employed. The wind stress forcing is taken from the NCEP/NCAR reanalysis fields (Kalnay et al. 1996) , averaged over the period 1958-1997 to form a seasonal cycle from the monthly fields. No flux corrections are used, allowing surface temperature and salinity to vary freely in the model. This allows the full operation of the thermal and salinity feedback (Bryan 1987; Sijp and England 2004) . Vertical mixing is modeled similarly to Bryan and Lewis (1979) , using a diffusivity that increases with depth, taking a value of 0.3 cm 2 /s at the surface and increasing to 1.3 cm 2 /s at the bottom. Convective overturning of the water column is modelled using the convective adjustment algorithm described by Rahmstorf (1993 , see also Pacanowski, 1995 . The effect of sub-grid scale eddies on tracer transport is modeled after Gent and McWilliams (1990) , implemented as an advection velocity acting on the tracer fields. A rigid-lid approximation is used and surface fresh water fluxes are represented by way of an equivalent salt flux calculated using a fixed reference salinity of 34.9 psu. The surface ocean layer has thickness of 50m, and no mixed layer scheme is included. Figure 1 shows the steady state annual-mean meridional overturning streamfunction for the 280 ppm experiments. The overturning is very similar to that found in Sijp and England (2004) and other studies (e.g. Mikolajewicz et al. 1993) , whereby the DP open case is char-acterized by North Atlantic Deep Water (NADW) formation and weak AABW formation, and the DP clsd geometry is associated with a strong SH sinking cell. In contrast, the fully coupled Eocene model used by Huber and Sloan (2001) and Huber et al. (2004) shows no strong SH overturning when the Tasman Seaway between Antarctica and Australia is closed. This difference may be due to enhanced southward atmospheric moisture transport in their model (see for example Sijp and England 2008) . The ∼ 34 Sv of Antarctic sinking is a result of cold Antarctic conditions and the possibility of geostrophic flow across the latitudes of the DP. Figure 2 shows the yearly averaged SST for DP clsd , the SST difference DP clsd -DP open and surface ocean heat fluxes for DP clsd where atmospheric pCO 2 is 280 ppm and 1250 ppm. Near-freezing conditions extend to 60
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• S in DP clsd 280ppm, whereas ∼4-8
• C SST isotherms intersect with the Antarctic coast in the DP clsd 1250 ppm case ( Fig. 2a,b) . The effect of a closed DP gap (DP clsd -DP open ) for 280 ppm ( Fig. 2c ) is similar to that found by Sijp and England (2004) , where significant SH warming occurs in the South Atlantic, but is restricted equatorward of 60 • S. In contrast, these warmer conditions in DP clsd are of significantly greater spatial extent under the higher CO 2 concentrations of 1250 ppm ( Fig. 2d) , where the warming in DP clsd -DP open now encircles Antarctica, and extends also beyond 60
• S up to the continental shore.
The high latitude warming poleward of 60 • S in DP clsd 1250 ppm stands in stark to contrast to the previous modeling study of Sijp and England (2004) , where SH warming in the absence of an ACC is restricted equatorward of ∼ 60
• S, and more significant high latitude SAT warming associated with a closed DP gap is limited to the ( Fig. 3a,b) . In contrast to the 280 ppm case, oceanic PHT is significantly greater in DP clsd 1250 ppm compared to DP open 1250 ppm , and the difference penetrates to higher southern latitudes, delivering heat close to the Antarctic continent (Fig. 3a,b) . Unlike the 280 ppm case, the opening of DP in the 1250 ppm case leads to a significant thermal isolation of Antarctica right up to high southern latitudes. This is in agreement with the warmer high latitude Antarctic SST conditions in DP clsd compared to DP open in the 1250 ppm case (see fig. 2 ). The greater oceanic PHT at latitudes poleward of 60 • S in DP clsd 1250 ppm compared to DP clsd 280 ppm is a result of the increased oceanic heat loss to the cold overlying atmosphere in the ice-free high southern latitudes (see fig. 2 ). We will also see that there is a modest increase in AABW formation, contributing to enhanced oceanic PHT. Atmospheric PHT values respond so as to partially compensate the oceanic changes, and are thus reduced in DP clsd 1250 ppm compared to DP clsd 280 ppm (Fig. 3b ) in response to enhanced oceanic PHT. and DP open (Fig. 4a) , whereas DP clsd exhibits a markedly stronger Antarctic SAT and SST sensitivity to pCO 2 than DP open for atmospheric CO 2 values up to 1250 ppm (Fig. 4b,c) .
At pCO 2 greater than 1250 ppm the effect of closing DP no longer changes with increasing pCO 2 , yielding a similar Antarctic SAT and SST sensitivity for DP clsd and DP open (see the dashed curve at pCO 2 > 1250 ppm). In summary, the magnitude of the effect of closing DP is dependent on the warmth of the ambient climate, whereby higher levels of CO 2 lead to a stronger gateway impact. Antarctic SAT warms by ∼ 3
• C due to a closed DP at 280 ppm, but at higher levels of CO 2 the SAT anomaly of DP clsd -DP open can be ∼ 7 • C. Antarctic SST exhibits no significant response to closing DP at 280 ppm, whereas SST is ∼ 5 that the high latitude warming due to a closed DP gap alone is significantly larger than the warming achieved by CO 2 increases. As a result, deep ocean temperatures are also more sensitive to the closure of the DP gateway than to CO 2 increases. This is a remarkable result given previous studies. Figure 5 shows the dependence of various factors affecting Antarctic climate on atmospheric pCO 2 for DP clsd and DP open . Antarctic permanent snow cover decreases sharply with increasing pCO 2 beyond ∼ 500 ppm in DP clsd (Fig. 5a ), culminating in ice-free conditions beyond ∼ 1250 ppm. In contrast, terrestrial snow accumulation is remarkably robust with respect to CO 2 up to this value in DP open , and remains above ∼ 75 percent for all CO 2 values. In agreement with Sijp and England (2004) , the annually-averaged Antarctic sea-ice area is less in DP clsd than in DP open for 280ppm (Fig. 4b) . Ice-free conditions are achieved at ∼ 1250 ppm for DP clsd , whereas some sea ice remains present, albeit reduced, for all CO 2
values in DP open . Poleward oceanic heat transport (Fig. 4c) is significantly greater in DP clsd 280 ppm than in DP open 280 ppm due to the large SH overturning cell (refer to Fig. 1 ).
This discrepancy increases with increasing CO 2 , whereby PHT sensitivity to CO 2 is greater for DP clsd than for DP open for pCO 2 less than ∼ 1250 ppm. The increasing oceanic HT 11 in DP clsd results from decreased sea-ice cover under warmer climatic conditions (see also Fig. 2) . Finally, the overturning in the SH cell modestly increases with increasing CO 2 in DP clsd (Fig. 4d) , taking values between ∼ 35 Sv and ∼ 46 Sv, also contributing to greater oceanic PHT to Antarctica. Antarctic summer SAT exerts a strong control over the development of a terrestrial ice sheet, as warm summers may prevent snow cover from surviving into the subsequent winter. In DP clsd , Antarctic summer SAT poleward of 70 • S exceeds ∼ 0 • C for pCO 2 beyond ∼ 1000 ppm (Fig. 6c) , whereas above-freezing terrestrial conditions are not even reached in any of our DP open experiments (Fig. 6c, blue curve) . As a consequence, Antarctic minimum yearly snow cover is highly sensitive to atmospheric CO 2 beyond ∼ 500 ppm in DP clsd , and yet remarkably robust in DP open (Fig. 6d) . In agreement with the permanent snow cover shown in Figure 5 , no snow survives summer in DP clsd 1500 ppm (Fig. 6d) . Antarctic summer sea-ice vanishes at relatively low pCO 2 (around 500 ppm) in DP clsd (Fig. 6e) , and year-round ice-free conditions prevail beyond ∼1250 ppm in DP clsd (Fig. 6f) . In contrast, some summer-time sea ice remains in DP open even when pCO 2 ∼ 1250 ppm (Fig. 6e) , with substantial volumes returning in winter despite high CO 2 concentrations (Fig. 6f) .
Summary and Conclusions
We have shown that Antarctic SST is significantly more sensitive to atmospheric pCO 2 when DP is closed compared to when DP is open. For example, the freezing point of seawater constitutes a lower bound to SST, and Antarctic ocean temperatures remain near this threshold during a significant period of the year for DP clsd 280 ppm and DP open 280ppm. Closing the DP gap at a CO 2 concentration of 280 ppm leads to enhanced oceanic PHT to Antarctica, but cold atmospheric conditions still prevent high latitude SST to rise much above freezing point. The presence of sea ice in DP clsd 280 ppm prevents oceanic PHT to reach high southern latitudes. Increasing atmospheric CO 2 concentration in DP clsd leads to a rapid loss of Antarctic sea ice, exposing large areas of the high latitude southern ocean to the overlying cold air. As a result, when enhanced ocean heat transport in DP clsd penetrates to high southern latitudes, there is enhanced oceanic heat loss facilitated by ice-free conditions, and thus warmer Antarctic SAT ensues. Antarctic SST warming due to a closed DP gap levels off at a value of ∼ 5 • C for high concentrations of CO 2 (above 1250 ppm), and here the effect of 13 closing DP becomes less sensitive to the additional warmth of the ambient climate. At these high CO 2 concentrations, Antarctic SST remains above its lower bound of freezing for all or almost all of the year. This shows that studies of the effect of closing DP under present-day or pre-industrial atmospheric CO 2 concentrations likely underestimate the warming associated with a closed Southern Ocean gateway during warmer climate eras. This renders inferences to climatic change at the Eocene/ Oligocene boundary inappropriate unless higher CO 2 is also considered.
Closing the DP gap in a cold climate at 280 ppm leads to an Antarctic SAT warming of ∼ 3 • C, whilst at 1250 ppm atmospheric CO 2 concentration a warming of ∼ 7
• C results.
As a result, the surface area of Antarctic snow surviving summer is highly sensitive to CO 2 in DP clsd , culminating in snow-free conditions beyond 1250 ppm. In contrast, the damped response of Antarctic SAT to pCO 2 in DP open allows summer snow to survive even at higher levels of CO 2 , leaving Antarctic summer snow cover relatively robust at CO 2 levels up to 2000 ppm. In contrast, DeConto and Pollard (2004) find that the timing of Antarctic glaciation is sensitive to the presence of a DP gap, but only if CO 2 is within a critical range (700 -840 ppm). They employ a slab ocean model, and assume a fixed 20 percent change in oceanic PHT at all latitudes associated with the presence of a DP gap for all CO 2 values.
This estimate is based on the more modest estimate of a 3 • C warming in response to closing DP, a value derived from previous modelling results by Toggweiler and Bjornsson (2000) and Nong et al. (2000) . Here, we show that the change in oceanic PHT arising from the presence of a DP gap in fact depends on the warmth of the ambient climate, particularly at high southern latitudes.
In contrast to our results, Huber et al. (2004) use a realistic geometry coupled ocean-atmosphere model of the Eocene to suggest that the opening of the Tasmanian Gateway had a minimal effect on southward oceanic heat transport and SST around the Antarctic continent. This occurs in part because the East Australia Current does not travel further south in their model, and also because there is no strong SH sinking in their gateway closed experiment. In fact, integration of their closed gateway case leads to an equilibrium with no strong SH overturning and NH sinking, in contrast to Sijp and England (2004) . This could however be a result of particularly strong atmospheric moisture transport to the SH (see, for example, Sijp and England 2008) . Indeed, Sijp and England (2008) The geometry used in our model is that of the present day with a small modification at the DP. Also, we apply monthly varying observed winds to force ocean circulation and advect atmospheric moisture and heat. A bias toward the present-day climate may result from these factors. However, the distribution of the continents at the late Eocene was relatively similar to that of today. Furthermore, the general circulation of the atmosphere is likely to have included easterly winds at the tropics and westerlies at mid-latitudes, although the polar easterlies may have been significantly modified during summer in the absence of permanent large-scale glaciation (Hay et al. 2005) . Nonetheless, the large-scale wind field used in our model is likely to qualitatively resemble that of the late Eocene, at least to leading order. At equilibrium we find the model has a preference for deep sinking in the SH because, being situated at higher latitudes, the Antarctic sinking regions are significantly colder than their NH counterparts even when DP is closed (refer also to Sijp andEngland 2008; their Fig. 4 ).
In other words, strong SH sinking arises from an inter-hemispheric asymmetry in the thermal conditions over the ocean at high latitudes. This thermal asymmetry may also be a feature of the Eocene climate, where Antarctic sinking would then occur at high latitudes in the ancient geometry of land-masses.
In the model moisture diffusivity represents the effect of storms on atmospheric water transport. We use a globally constant atmospheric diffusivity to preclude any bias arising from assumptions regarding the spatial distribution of storms in past or present climates. For instance, Sijp and England (2008) find that enhanced atmospheric moisture diffusivity over the SO leads to NH sinking when the DP is closed and atmospheric CO 2 concentration is 280
ppm. Similar to other key model parameters, the magnitude of the globally constant moisture diffusivity does not influence MOC polarity. Apart from the winds and the input of potential energy by parameterized turbulent ocean mixing, the model is only forced by insolation incident from space, leaving the climate free to evolve, for example, in regard to global heat and freshwater cycles. In summary, the strong SH sinking in our DP clsd geometry is not the result of any prescribed bias toward the present-day climate in our model; it comes about simply by virtue of model land-mass geometry.
Our results do not support the global cooling suggested by ? as a direct result of the opening of DP (see Fig. 4a ). Indeed, the cooling at the Eocene/ Oligocene boundary shown in the proxy records of Katz et al. (2008) Global SAT is very similar for the DP open and the DP clsd configuration at every level of atmospheric pCO 2 . This is because SH warming arising from closing the DP gap leads to a concurrent cooling of the NH due to the absence of inter-hemispheric northward HT associated with NADW formation (Crowley 1992) . This is explained in detail by Toggweiler and Bjornsson (2000) , who also point out that the ancient Tethyan seaway connecting the Indian and the Atlantic Ocean during the Eocene is effective at inducing oceanic HT toward high northern latitudes. Najjar et al. (2002) use an ocean model with an energy balance atmosphere and realistic Eocene geometry, and attribute a warming of 4 • C at 70
• N with respect to the present-day climate to a connection between the Tethys Sea and the high northern latitudes. Therefore, among other factors, amplified polar warmth in the NH may have been maintained through this mechanism in conjunction with ehanced Antarctic Eocene warmth.
Our treatment of snow accumulation is simplified, as no orography is applied over Antarctica. Also, snow height is limited to below 10 m, precluding height/ mass-balance feedbacks.
We therefore examine the propensity for Antarctic ice sheet formation rather than its development. In particular, our results illustrate the influence of CO 2 and gateway changes on climate conditions relevant to this process. Precise glaciation thresholds may differ between models. is very similar to that found in Sijp and England (2004) , whereby the DP clsd geometry leads to a strong SH sinking cell. 
